Over a century ago, Gowers described two young patients in whom distal muscles weakness involved the hand, foot, sternocleidomastoid, and facial muscles in the other case the shoulder and distal leg musculature. Soon after, , similar distal myopathy cases were reported whereby the absence of sensory symptoms and of pathologic changes in the peripheral nerves and spinal cord at postmortem examination allowed differentiation from Charcot-Marie-Tooth disease. In 1951, Welander described autosomal dominant (AD) distal arm myopathy in a large Scandanavian cohort. Since then the number of well-characterized distal myopathies has continued to grow such that the distal myopathies have formed a clinically and genetically heterogeneous group of disorders. Affected kindred commonly manifest weakness that is limited to foot and toe muscles even in advanced stages of the disease, with variable mild proximal leg, distal arm, neck and laryngeal muscle involvement in selected individuals. An interesting consequence of the molecular characterization of the distal myopathies has been the recognition that mutation in a single gene can lead to more than one clinical disorder. For example, Myoshi myopathy (MM) and limb girdle muscular dystrophy (LGMD) type 2B are allelic disorders due to defects in the gene that encodes dysferlin. The six well described distal myopathy syndromes are shown in Table 1 . Table 2 lists advances in our understanding of the myofibrillar myopathy group and Table 3 includes more recently delineated and less common distal myopathies. In the same manner, the first section of this review pertains to the more traditional six distal myopathies followed by discussion of the myofibrillar myopathies. In the third section, we review other clinically and genetically distinctive distal myopathy syndromes usually based upon single or smaller family cohorts. The fourth section considers other neuromuscular disorders that are important to recognize as they display prominent distal limb weakness.
APPROACH
In approaching patients with distal weakness, we have to consider disorders affecting motor neurons, peripheral nerves, neuromuscular junction, or muscle (6) and the reader is referred for a full discussion to the chapter titled "Approach to Muscle Disease" in this issue. Some myopathies with pattern 2 have predominantly distal presentations including distal muscular dystrophies, myofibrillar myopathies, myotonic dystrophy type 1, and some forms of hereditary inclusion body myopathies (HIBM). Pattern 3 or scapuloperoneal pattern has proximal arm and distal leg involvement. In the presence of facial weakness, we consider facioscapulohumeral muscular dystrophy likely. Emery-Dreifuss muscular dystrophy is usually associated with contractures and cardiac involvement. Late onset acid maltase deficiency can rarely have a scapuloperoneal presentation as well. Pattern 4 consists of distal arm involvement and proximal leg weakness as is typical for the sporadic inclusion body myositis (IBM) in which there is prominent finger flexor, wrist flexor, and knee extensor weakness. Pattern 5 is associated with ptosis and ophthalmoplegia, and includes patients with oculopharyngeal dystrophy and mitochondrial myopathy.
The presence of rimmed vacuoles (Table 4 ) significantly helps to further narrow down these diagnostic possibilities. Welander myopathy is nearly always in cases from Scandinavia and presents with distal hand involvement. The Markesbery-Griggs and Udd types are autosomal dominant late-onset distal leg myopathies caused by mutations in the genes encoding Z disk associated protein (ZASP) and titin, respectively (7, 8, 9) . Limb girdle muscular dystrophy 1A due to autosomal dominant mutations in the myotilin gene is associated with adult onset of proximal or distal weakness and rimmed vacuoles and occasional nemaline rod-like inclusions (10) . Histopathologically, myotilinopathy and ZASPopathy can be placed into the category of myofibrillar myopathy (Table 2) (7) (8) (9) (10) (11) . Another group of disorders with rimmed vacuoles on biopsy are the hereditary inclusion body myopathies (h-IBM) (7). Nonaka myopathy or hIBM2 is autosomal recessive with anterior leg involvement ( Table 1  and Table 4 ). Hereditary IBM3 caused by heavy chain 2 myosin mutations is associated with congenital arthrogryposis and later onset ophthalmoplegia. One autosomal dominant lateonset multisystem form of HIBM is variably associated with Paget disease and frontotemporal dementia (IBMPFD) and is due to valosin-containing protein (VCP) mutations (Table 3) . Immunostaining using VCP antibodies demonstrates the presence of VCP-positive cytoplasmic aggregates in scattered muscle fibers including those with no clear vacuoles or other morphological changes (12) . Patients with IBMPFD can present with proximal, distal, scapuloperoneal, or axial weakness (13) and can have dilated cardiomyopathy with inclusion bodies (14) .
CLASSIC DISTAL MYOPATHIES WELANDER DISTAL MYOPATHY: LATE-ADULT ONSET, TYPE 1
Welander (5) described a large number of patients with AD distal myopathy in 72 Swedish families with symptoms onset in the mid-fifth decade (range < 30 to 77 years). Although WDM is mainly seen in Sweden, 12 Finnish families with onset in hands and fingers long extensor muscles were reported to co-segregate to chromosome 2p13 haplotype (15, 16) . Proximal limb involvement rarely occurs in WDM even with advanced disease except in severe homozygous cases. Ankle dorsiflexion weakness occurs in 25% of cases and may be the initial presenting symptoms in 10%. Flexor muscles of wrists and fingers are later on affected in 40% of cases but to a lesser extent than extensors. Tendon reflexes remain present except for loss of ankle and brachioradialis reflexes late in the disease. Though sensation is normal, deficits on quantitative temperature and vibration testing are detectable (17) .
Serum creatine kinase (CK) level has been shown to be normal or slightly elevated (18, 19) . Motor and sensory nerve conduction studies (NCS) are typically normal, and needle electromyography (EMG) shows occasional spontaneous activity comprised of fibrillation potentials, and myopathic motor units potentials (MUP), and although some authors have reported a mixed myopathic and neuropathic recruitment pattern (18) (19) (20) (21) . T1 and T2 magnetic resonance imaging (MRI) of muscle in 11 patients showed signal abnormalities in the distal anterior and posterior compartments of the legs including the gastrocnemius, soleus, tibialis anterior (TA), and extensor digitorum longus (EDL), as well hamstrings and posterior compartment muscles of the legs (22) .
Muscle biopsy shows slight to severe myopathic features, including variability in fiber size, increased connective tissue and fat deposition, central nuclei, and split fibers (5) . Vacuoles, a common feature in several of the distal dystrophies, have been noted by some (5, 19, 23) but not all investigators (21, 24, 25) and they are not generally a conspicuous histological feature. A disorganization and loss of myofibrils with accumulation of Z-disk material is noted at the ultrastuctural level (23) . Since then, rimmed vacuoles and 15-to 18-nm cytoplasmic and nuclear filaments have been noted by electron microscopy (18, 19) indicating that these are not specific to inclusion body myositis (IBM). The main pathologic feature that distinguishes IBM from WDM is inflammatory cell infiltration in the former (19) besides the clinical phenotype. Groups of small angular fibers can occur suggestive of a neurogenic component (23) . Sural nerve biopsy can demonstrate a moderate reduction in myelinated nerve fibers without any axonal degeneration or demyelination and remyelination (23) .
The clinical progression of WDM is so slow in most cases that most affected patients continue to work without a reduction in life expectancy; those with atypical relative rapid progression may be homozygous for the genetic defect (5, 16) .
TIBIAL MUSCULAR DYSTROPHY: LATE ONSET DISTAL MYOPTHY TYPE 2
In the 1970's, Non-Scandinavian AD late-onset distal myopathy was described in English families by Sumner (26) and in French-English and Finnish families by Markesbery (27) .
Other large pedigrees and several sporadic cases were reported and renamed tibial distal muscular dystrophy (TMD) to emphasize the dystrophic features (28, 29) . Despite phenotypic overlap, recent idenfication of 2 distinct gene mutations led to the definition of 2 subtypes: type 2a related to titin gene defect and type 2b due to ZASP point mutation.
UDD-LATE ONSET DISTAL MYOPTHY TYPE 2a
The prevalence of AD TMD is 5-15 per 100,000 in Finland. Weakness begins in ankle dorsiflexor muscles typically after age 40. In non-scandinavian cases, weakness may over time involve finger and wrist extensor muscles; later, proximal involvement can supervene. Whereas most Finnish patients progressed more slowly and rarely involved the upper extremity or proximal muscles (4), some western Finnish cases exhibited severe limb girdle syndrome (28) (29) (30) .
Serum CK is normal or slightly elevated and EMG reveals an irritative myopathy. Muscle biopsy shows dystrophic tissue with myofibers having single and multiple vacuoles. Magnetic resonance imaging in 22 affected patients showed fatty replacement of the TA muscle and EDL in 8 and in the hamstring and posterior compartment of the legs in 14 others (22) .
Tibial muscular dystrophy 2a is a titinopathy caused by mutations in TTN, the gene encoding the giant skeletal muscle protein titin (31) , with a locus at 2q31, composed of 363 exons. Mutation in Mex6 titin leads to abnormal titin-calpain3 interaction (32) . The Finnish mutation is due to a deletion/insertion of 11 consecutive base pairs changing four amino acid residues without interrupting the reading frame.
One French cohort had a point mutation in Mex6 that introduced a potentially harmful praline in the beta sheet structure. Mutations of the Mex6 exon correspond to M-line titin in some cases, affecting the calpain3 binding site at the N2-A line in I-band titin. There is secondary calpain3 protein reduction in the homozygous state and apoptotic myonuclei.
MARKESBERY-GRIGGS-LATE ONSET DISTAL MYOPTHY TYPE 2b
TMD2b has been reported in English, French and Finnish families. Men are marginally more severely affected in comparison to women. Like TMD2a, weakness in TMD 2b begins in the anterior leg compartment after age 40. Hands weakness affects distal finger and wrist extensors and late in the course the proximal arms and legs. Progression is faster than in TMD2a leading to disability.
CK is normal or mildly elevated and muscle biopsy demonstrates vacuolar myopathy with myofibrillar features. One patient described by Markesbery (27) had a cardiomyopathy with heart block and heart failure requiring pacemaker insertion. At postmortem examination, vacuoles were present in cardiac and skeletal muscle. Muscle imaging shows considerable involvement of posterior and anterior compartments of the lower leg at a younger age (8) . Later in the course of the disease proximal muscles are affected with mild to moderate fatty degeneration and atrophy of gluteus maximus, hamstring, vastus medialis and lateralis muscles, besides severe end-stage replacement in lateral gastrocnemius, soleus, lateral Dimachkie peroneal and anterior compartment muscles. Deep long toe flexor and tibialis posterior muscles are relatively preserved.
No conclusive mutation in titin or other genes was noted in the original English-Finnish cases (27) . Because the pathology was compatible with MFM, both myotilin and ZASP (Zband alternatively spliced PDZ-motif-containing protein) were sequenced. A previously identified mutation in ZASP (A165V mutation) was detected in originally affected family members (8) with full penetrance by the age of 60 years. Immunohistochemical studies revealed strong accumulation of myotilin, αB-crystallin (αBC), and desmin in affected muscle fibers but as with myotilinopathy, abnormal myotilin aggregation was more prominent than abnormal expression of desmin, αBC or ZASP. Although occasional punctate aberrant cytoplasmic labelling is observed, dystrophin C-terminus does not consistently localize to the accumulated aggregates. Cardiomyopathy is not a regular feature since different isoforms are predominantly expressed in cardiac and skeletal muscle. Whereas mutations in exons 4, 6, 10 and 15, which are expressed in cardiac muscle isoforms, were associated with dilated cardiomyopathy, the A165V substitution in skeletal muscle specific exon 6 cause a myopathy dominated by skeletal muscle involvement.
NONAKA DISTAL MYOPATHY: EARLY ADULT ONSET, TYPE 1, DISTAL MYOPATHY WITH RIMMED VACUOLES
Early adult-onset AR distal muscular dystrophy was reported in Japanese families from 1963 to 1975 (33, 34) , however they were not widely appreciated until later reports by Nonaka and colleagues (35) (36) (37) . Similar patients were later described in the United States (38) (39) (40) , South America (41) and Europe (42, 43) . Until identification of the responsible gene defect, weakness onset was thought to be in the second to third decade. Distal myopathy with rimmed vacuoles (DMRV) or Nonaka myopathy (NM) is characterized by its unique distribution of muscular weakness and wasting manifesting as foot drop and steppage gait. The hamstring and TA muscles are most severely affected initially. Though it was initially thought even at late stages to spare knee extensors, discovery of the gene defect led to the realization that the quadriceps muscle can be involved in rare cases. Finger and hand muscles can also be involved but less than the legs. The degree of progression tends to be more aggressive in non-Japanese cases. With rare exceptions (44) weakness remained confined to distal in the Japanese cases, whereas non-Japanese cases eventually develop significant proximal weakness in the legs, arms, and neck muscles, with loss of ambulation (38) . Complete heart block producing syncope and requiring a pacemaker has been reported (45) and disability may supervene within 10 to 20 years of onset.
Serum CK is slightly or moderately elevated, but not more than five times the upper normal limit. Needle electromyographic examination reveals fibrillation potentials and myopathic MUP. Muscle biopsy in Japanese and non-Japanese cases demonstrates dystrophic myopathy and rimmed vacuoles due to the deposition therein of granular material with the characteristic of basophilia after hematoxylin and eosin (H&E), purple-red coloration with the modified Gomori trichrome, and acid phosphatase reactivity (Fig. 1) . The autophagic vacuoles have nuclear and cytoplasmic 15-to 18-nm filamentous inclusions on electron microscopy (EM) (44, 46, 47) which are not unique to IBM as they are also seen in WDM and DMRV or NM (48) . In rare cases, there may be additionally inflammatory muscle pathology with rimmed vacuoles as in sporadic IBM (49, 50) .
Almost all cases of DMRV are caused by mutations in the UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase gene (GNE) located within the 1.5-Mb region between markers D9S2178 and D9S1791 on chromosome 9 (51). It is allelic to autosomal recessive (AR) hIBM2 wherein several mutations have been detected including one at M712T, which is the most common mutation in early-onset Jewish hereditary IBM type 2 (52). HIBM2, the most common form of hereditary inclusion-body myopathy, was originally described in Persian-Jewish families with distal leg onset in the second-third decade. Weakness and atrophy progressed proximal with relative sparing of the quadriceps (53, 54) . A homozygous T to C substitution at nucleotide position 2186 in the GNE gene, converting methionine to threonine at codon 712, has been found in all Middle Eastern families of both Jewish and non-Jewish descent, whereas affected individuals of other ethnicities are usually compound heterozygous or homozygous for different mutations (55) . A year later, GNE mutations were also identified in patients with distal myopathy with rimmed vacuoles also known as Nonaka myopathy (56) . In the Japanese patients, Nonaka myopathy is most commonly associated with V572L homozygous or compound heterozygous mutation. However, the identification of the causative gene defect has allowed recognition of phenotypic variants of this disorder in the age of onset, degree of progression of symptoms, and distribution of muscle weakness. For example, a minority of patients lack distal weakness or have distinctive quadriceps involvement, as well as patients with unusual facial weakness. 57). The age at onset of symptoms is sometimes delayed even to late adulthood and patients may remain asymptomatic in their 6th-7th decade of life (56, 57) .
Two individuals with DMRV patients and undetectable GNE mutation were postulated to be caused by mutations in the non-coding and intron sites, or abnormal transcription or translation of the GNE gene, or in other genes with a role similar to GNE (52). Conversely, a GNE mutation detected in a non-DMRV patient showed predominant involvement of proximal leg muscles sparing the TA and gastrocnemius muscles. Autosomal dominant inheritance, late onset, severe cardiac involvement, and proximal leg muscle involvement distinguish DMRV from other myopathies with prominent rimmed vacuoles. Genetic analysis was instrumental in confirming the diagnosis of DMRV in two GNE compound heterozygote Japanese patients with the unusual feature of inflammation in muscle biopsy and otherwise typical DMRV (49) . Endomysial and perivascular inflammation is distinctly uncommon in NM, but occasionally noted in hIBM.
To safely correct GNE gene function, a patient with severe HIBM2 was treated on compassionate basis with intravenous infusion of seven doses of liposomal wild-type GNE gene (58) . Quadriceps muscle expression of the delivered GNE, plasmid, and RNA was observed and sialic acid-related proteins were increased with stabilization in the decline of muscle strength. Further assessment of GNE gene lipoplex through a phase I trial in less advanced HIBM cases is in the planning stages. Since GNE gene encodes a protein with two enzymatic activities in sialic acid biosynthetic pathway, reduced sialylation of muscle glycoproteins may play a pivotal role in the h-IBM2/DMRV muscle phenotype. Oral supplementation with sialic acid metabolites in GNE knockout mice results in an increase of sialic acid in muscle to a nearly normal level and prevents development of the muscle phenotype (59) . Sialic acid metabolites-treated mice have increased strength, muscle mass, mean muscle fiber cross sectional area, body weight and overall survival compared to untreated control litter mates. Following a phase I sequential dose-escalation study of oral sialic acid in patients with hereditary IBM that showed the drug to be safe and welltolerated, there is an ongoing phase 2 study to evaluate the sialic acid-extended release tablets in patients with GNE myopathy http://clinicaltrials.gov/ct2/show/NCT01517880.
MIYOSHI DISTAL MYOPATHY: EARLY ADULT ONSET, TYPE 2
The early reports by Miyoshi and colleagues (60, 61) of this disorder went largely unnoticed for 2 decades until their cases were published in Western literature (62) . Similar patients were later reported (63-67) from the U.S. and Europe. Weakness in the gastrocnemii muscles begins between ages 15 to 25 years with an AR inheritance pattern. Affected patients notice difficulty in walking on toes or climbing stairs, and calf myalgia (68) . Gastrocnemius muscle hypertrophy is followed by wasting and loss of the ankle muscle stretch reflexes at a later point (Fig. 2) . The muscles of the leg anterior compartment and those of the arms and hands remain relatively spared early in the disease. With disease progression, there is some proximal arm and leg weakness with the hamstring muscle group being weaker than the quadriceps (67) . Progression is variable with some patients remaining fairly stable with distal weakness, and others experiencing a more aggressive relentless course involving proximal and distal muscles. A consistent finding is preservation of the deltoid muscle despite biceps atrophy (69).
The serum CK, which is markedly elevated 10 to 150 fold the upper normal limit, may be a prelude to the disease in asymptomatic patients (64) . Needle EMG reveals myopathic MUP and recruitment pattern. Examination of the gastrocnemius muscle typically demonstrates high amplitude long-duration polyphasic MUP with a reduced recruitment pattern reflecting chronicity and severity. Muscle MRI confirms selective involvement of the posterior compartment muscles of the leg compared to those of the anterior compartment (66) . 'Diamond on quadriceps' sign was present in 21 out of 31 (68%) patients with dysferlinopathy that included 62% of LGMD2B and 71% of MM. The quadriceps femoris muscle had uniform texture and smooth surface at rest but when contracted, a portion of the muscle bulged out both clinically and radiographically toward the anterolateral aspect at midthigh (70) .
Biopsy of a severely weak and wasted gastrocnemius muscle typically shows end stage findings including extensive fibrosis, fatty replacement, with few if any myofibers. Biopsy of an uninvolved quadriceps muscle shows minimal myopathic changes, including variability of myofibers size and internal nuclei but absent indirect immunofluorescence for dysferlin staining of the muscle membrane (71) . If possible, the biceps femoris muscle should be biopsied with an expectation of showing diagnostic histopathologic findings. While perimysial and perivascular inflammation is not uncommon, vacuoles are an unexpected finding in MM (72) .
The gene for MM and LGMD2B both mapped to chromosome 2p12-14, and the protein product of this gene was found to be dysferlin (73) . It is a very large gene with 55 exons and > 150 kb yielding a protein with 2,080 amino acids. Although both MM and LGMD2B patients begin in late childhood or early adulthood, with marked elevation in serum CK, and in general both progress slowly, the latter differs in onset in proximal not distal muscles (74) .
LGMD2B accounts for 5-25% of all LGMD and for further discussion of MM the reader is referred to the section titled "Limb Girdle Muscular Dystrophies" in this issue. Muscle biopsy is an excellent way to confirm MM or LGMD2B in clinically suspected cases as they have absence of dysferlin staining indicating a primary dysferlinopathy, while reduced levels of dysferlin may be secondary to a secondary disorder such as limb-girdle muscular dystrophy (75) . Blood monocyte testing for dysferlin western blot is helpful in distinguishing truly abnormal dysferlin immunostaining in muscle from false positives (76) . Although the function of dysferlin is not known, it is highly expressed in skeletal muscle, where it is important for sarcolemmal maintenance. The predicted cytoplasmic component contains calcium-binding motifs homologous to C2 domains that are believed to trigger calcium-signaled membrane fusion and trafficking (77) suggesting a role for dysferlin in muscle membrane fusion events and repair. Consistent with this observation is that dysferlin is membrane associated (78) and it has been shown to form a protein complex with integrins at the monocyte cell membrane, and its depletion impairs cell adhesion (79) .
LAING DISTAL MYOPATHY: EARLY ONSET, TYPE 3
In 1995 Laing and colleagues (80) reported affected members of a three generation English/ Welsh family with AD distal myopathy. Age at onset was 4 to 25 years with selective weakness of the toe and ankle extensor and neck flexor. This was followed after several years by progressive weakness of the finger extensor muscles. Finger flexor and intrinsic hand muscles were relatively spared, although hip abductors and external rotator and shoulder abductor muscles were mildly affected. Tendon reflexes were preserved, and plantar responses were flexor. Disease progression was gradual with a moderate degree of incapacity; the oldest affected member re-examined after 25 years was still ambulatory, but had difficulty maintaining an erect posture when standing. Dilated or hypertrophic cardiomyopathy has been reported.
Serum CK levels were normal or minimally elevated. Electrodiagnostic studies showed normal NCS, with occasional fibrillation potentials and positive sharp wave discharges at rest, markedly myopathic MUP in affected distal limb muscles and early recruitment.
Muscle biopsy of the quadriceps shows non-specific myopathy with occasional necrotic and regenerating fibers, excessive variation in fiber size, myofibers with central nuclei, without vacuoles in most cases or fiber type grouping. On modified Gomori trichrome, hyaline inclusions stain light green. Ultrastructural examination shows 15 to 20 nm intranuclear tubulofilamentous inclusions. TA muscle pathology reveals end stage myopathy with normal dystrophin and desmin immunohistochemistry. Muscle MRI studies (81) showed markedly increased signal intensity and severe atrophy of both TA and EHL muscles, as well as the extensor digitorum longus. There was selective moderately increased signal intensity and atrophy of the medial head of gastrocnemius muscles, with similar involvement of the sartorius muscles. The only abnormality in the arms was moderate symmetric atrophy without signal change in the extensor digitorum communis muscles.
Linkage to MYH7 and D14S64 was found on chromosome 14, and later refined to the 14q11.2-q13 locus (80) (81) . Two muscle genes known to lie within the linked region were the alpha and beta cardiac myosin genes MYH6 and MYH7. Subsequent studies identified five novel heterozygous mutations in the light meromyosin (LMM) regions of the MYH7 tail in six of seven families (82-86) from Europe and Western Australia. MYH7 codes for the isoform of myosin present in slow type 1 skeletal muscle fibers in skeletal and cardiac ventricle muscle, mutations of which lead to hypertrophic cardiomyopathy (HCM). Although HCM was not present in a study cohort (82) , atrophy, grouping, and occasionally depletion of type 1 myofibers, was seen in muscle biopsies of four families. The pathophysiology of the mutations in MYH7 was not well understood, however some introduced proline, which is incompatible with coiled coils. All five Laing mutations, including others that resulted in single amino acid deletions, significantly decreased the probability of coiled coil formation over segments of the myosin tail.
Mutation in the MYH7 rod domain at chromosome 14q has been linked to hyaline body myopathy (HBM), a rare congenital AD disorder characterized either by early nonprogressive proximal and distal weakness with significant wasting and loss of subcutaneous fat, or early progressive scapuloperoneal weakness with and loss of ambulation by late teens (86) , and subsarcolemmal inclusions known as hyaline inclusion bodies exclusively in type 1 fibers. Mutation in the rod and light meromysin (LMM) domain of myosin heavy chain IIa also lead to HBM (87).
MYOFIBRILLAR MYOPATHY (MFM)
Myofibrillary myopathy consists of a pathological pattern of myofibrillary dissolution and degradation on EM leading in most cases to the accumulation of myotilin, desmin and αBC (11, 88) . Myotilin is a Z-disk-associated protein that cross-links actin filaments and binds to α-actinin and γ-filamin (89, 90) . Desmin is an intermediate filament protein of skeletal, cardiac, and some smooth muscles cells which links Z-bands with the plasmalemma and the nucleus. αBC is a member of the small heat-shock protein family and is a molecular chaperone. Similar pathologic alterations are seen in spheroid body myopathy, cytoplasmic body myopathy, Mallory body myopathy, and myopathy with granulofilamentous inclusions (91) . Following the first description of the inclusions and material around them reactive for desmin (92) , the term myofibrillary myopathy was coined (91) . The first to missense mutations in desmin was described in 1998 (93) . In that same year, missense mutation in αBC was first to report in a French family (94) . In 2003, Selcen and Engel described the second and third mutation in αBC in two patients with progressive myopathy (95) .
The myopathic manifestations of the disorder caused by either desmin or αBC mutations are identical, with albeit some heterogeneity. Some manifest as a relentlessly progressive adult onset myopathy with or without signs of cardiac involvement (96, 97) , but in others the cardiac signs may the leading (93) or exclusive manifestation (98) with cardiomyopathy, congestive heart failure, heart block and arrhythmias, often requiring pacemaker insertion. The majority of desmin myopathy cases show autosomal-dominant inheritance, but rare autosomal-recessive cases and sporadic cases have been reported (88) . In an adult-onset multi-generation kindred of scapuloperoneal syndrome type Kaeser, desmin gene mutation was later on described (99) and the same R350P desmin mutation was identified in four unrelated German families. Out of thirteen examined cases, proximal and distal leg weakness occurred in 11, being associated with proximal and distal arm weakness in 4, proximal arm weakness in another 4 and normal arm strength in 5. Two out of eleven cases had only proximal leg weakness and the other two cases that were not examined were also thought to have proximal leg weakness. Genotype-phenotype correlations in a total of 15 patients carrying the same mutation showed large clinical variability, even within the same family, ranging from scapuloperoneal (n=2), limb girdle (n=10) and distal phenotypes (n=3). Cardiac (41%) or respiratory involvement (41%) was common as was facial weakness, dysphagia and gynecomastia (99) . Overall, affected men carried a higher risk of sudden cardiac death as compared to affected women. Moreover, muscle biopsy histology and immunohistochemistry in 8 cases revealed a wide spectrum of findings ranging from neurogenic-like atrophy with rimmed vacuoles (n=1) to degenerative myopathy with (n=5), or without (n=2) rimmed vacuoles. Accumulation of desmin was noted in 3 out of 4 cases including one case of degenerative myopathy without rimmed vacuoles and two with rimmed vacuoles. All three distal myopathy cases showed a degenerative rimmed vacuolar myopathy with (n=2) or without (n=1) neurogenic changes. One out of two tested cases had desmin positive inclusions on immunostaining.
More recently, mutations in ZASP (allelic with Markesberry-Griggs TMD2b), myotilin (allelic with LGMD 1A), filamin C, BCL2-associated athanogene 3 (BAG3), Selenoprotein N (SEPN1) and four-and-a-half-LIM protein 1 (FHL1) have been described to cause myofibrillar myopathy (Table 2 ). In the initial Mayo clinic series, two of the 63 patients carried truncation mutations the αBC gene, and four had a missense mutations in the head or tail region of desmin (11) . In a subsequent report from the Mayo, mutations in αBC, desmin, myotilin, Zasp, or filamin-C were overall detected in 32 of 85 patients in the MFM cohort with the addition of 3 BAG3 cases (100).
Most patients develop weakness in the third to fifth decade, although there are reports of onset in infancy and later in life. The Scandinavian patients described by Edström and colleagues (92) had onset of weakness beginning at about age 40 in the distal upper arms. The cohort of 63 cases studied at the Mayo Clinic from 1977 to 2003 (11) had a mean age at onset of 54 years but only one patient presented before the age of 10 years, and three before the age of 20 years. One quarter of cases exhibited an autosomal dominant mode of transmission. Of 56 patients in whom the distribution of weakness was determined, an equal number (16 patients) had similar degrees of proximal and distal myopathy, or distal greater than proximal involvement. A minority (2 patients) had distal myopathy alone. Ten patients had cardiomyopathy at the time of diagnosis with congestive heart failure, arrhythmia or dilated cardiomyopathy. Serum CK was normal in 23 patients, and had raised values up to 7 folds in 30 patients. Electrodiagnostic studies showed myogenic and high amplitude and long duration MUP, with occasional fibrillation potentials, positive sharp wave, complex repetitive, and rare myotonic discharges. In two patients, abnormal electrical irritability was the only EMG abnormality. Thirteen patients had abnormal nerve conduction studies (11) consistent with polyneuropathy, including 4 with long-standing diabetes mellitus. Muscle biopsy tissue demonstrates variability in fiber size, increased internalized nuclei, and on occasion predominance of type 1 fiber or few rimmed vacuoles.
In addition, MFM is suspected when one of the characteristic pathologic alterations are detected best observed on H&E and modified Gomori trichrome stains. Hyaline lesions are blue to purple colored spherical, lobulated or serpentine on trichrome and eosinophilic on H&E with subsarcolemmal cytoplasmic granular inclusions and amorphous granules resembling on EM cytoplasmic, spheroid or Mallory bodies. Besides hyaline structures, trichrome also shows myofibers filled with non-hyaline lesions as dark green smudges of amorphous material and myofibers with small rimmed vacuoles and vacuoles filled with membranous material. There are also myofibers containing desmin; and congophilic amyloidogenic deposits. Excessive desmin accumulation was noted in cardiac muscle of patients with associated cardiomyopathy (101) . Desmin accumulation noted in MFM is not specific as it may also be seen in other disorders such as X-linked myotubular myopathy, spinal muscular atrophy, nemaline body myopathy, IBM, and in regenerating muscle fibers (102) . Besides desmin, there is overexpression of dystrophin, αBC, gelsolin, ubiquitin and N terminus of β-amyloid precursor protein in both lesion types in addition to cell division cycle 2 kinase and cyclin-dependent kinases (CDK) 2, 4 & 7 (11, 103) . Neural cell adhesion molecule (NCAM) is overexpressed in nonhyaline lesions with depletion of actin, α-actinin, myosin and at times titin and nebulin. On the other hand, hyaline structures react to actin, α-actinin, filamin C, myosin and variably to desmin since they are composed of remnants of thick and thin filaments. Electron microscopy demonstrates foci of myofibrillar destruction and hyaline structures that appear as spheroidal bodies (91) . The foci of myofibrillary destruction consist of disrupted myofilaments, Z-disk-derived bodies, dappled dense structures of Z-disk origin, and streaming of the Z-disk. The spheroidal bodies are composed of compacted and degraded remnants of thick and thin filaments (91) . Although some have demonstrated the accumulation of 8-to 10-nm filaments (104), others have not confirmed these intermediatesized filaments despite extensive searching (91) . In 19 patients with different genetically proven MFMs (9 desmin, 5 αBC, 3 ZASP, 2 myotilin), an ultrastructural study demonstrated a variety of findings that might guide efforts towards identifying the causal mutated gene (105) . On EM, 15-18 nm diameter tubulofilamentous inclusions (with filamentous bundles) accumulated in the sarcoplasm and nuclei of myotilinopathies. The ultrastructural findings in desminopathies and αB-crystallinopathies were very similar and consisted of electrondense granulofilamentous accumulations of predominantly reticular material and sandwich formations. This refers to the granulofilamentous material, which is deposited parallel to and facing the Z-lines, with mitochondria at both sides alongside these deposits, forming sandwich-like structures. Desminopathies and αB-crystallinopathies differed in that early apoptotic nuclear changes were noted in the latter. ZASPopathies were characterized by myotilin antibody-labeled filamentous bundles and floccular accumulations of thin filamentous material.
The variability in age of weakness onset in MFM is exemplified by recessively-inherited SEPN1 which begins in infancy or childhood (Table 2) . Mutations in SEPN1 gene have a pleomorphic presentation as Congenital Muscular Dystrophy with Spinal Rigidity (106, 107) multiminicore disease (108), congenital fiber-type disproportion myopathy (109) and desmin-related myopathy with Mallory body-like inclusions (110) . In the latter, muscle inclusions are immunoreactive to desmin, dystrophin, and ubiquitin (111) and rimmed vacuoles are present (112) . Onset is in childhood for a recently identified rare severe autosomal dominant MFM6, also known as BAG3 myopathy (100) . The severe childhood onset phenotype is associated with rigid spine in 2/3, severe respiratory insufficiency in the teens and hypertrophic or restrictive cardiomyopathy in all 3 cases. An adult onset isolated dilated cardiomyopathy phenotype has been described in other BAG3 gene mutations. BAG3 is a member of antiapoptotic BAG protein family, is a Z-disk-associated protein and binds heat shock protein 70 serving as a co-chaperone factor controlling the chaperone activity of Hsp70 (113). Otherwise, currently described MFM are dominantly transmitted with an adult age of onset. The pattern of weakness and different levels of CK alteration are described in Table 2 . In addition to myofibrillar changes, vacuoles are present in MFM1 though MFM6 and selenoproteinopathy (Table 4) .
DISTAL MYOPATHIES NOT YET CLASSIFIED
In a multigenerational Finnish cohort with AD inheritance, late onset distal myopathy phenotype termed MPD3 has an onset earlier in men than women, ranging from 32 to 50 years (114, 115) . Early symptoms were clumsiness of the hands and steppage gait. Weakness affects the thenar and hypothenar muscles progressing to claw hand contractures, glutei, and distally both of the anterior and posterior leg compartments. Forearm muscles, triceps, and infraspinatus, and proximal leg muscles are involved later on the course with frequent asymmetry. Cardiac and respiratory functions were not affected. Serum CK was normal or slightly elevated, while muscle MRI showed fatty degeneration of the affected muscles and muscle biopsy revealed frequent rimmed vacuoles and dystrophic changes. The exact gene responsible for this phenotype remains unknown. There was no evidence of linkage to Welander distal myopathy or tibial muscular dystrophy. Linkage was established at two separate chromosomal regions, 8p22-q11 and 12q13-q22 with 2 reasonable candidate genes including myosin light chain 1 slow-twitch muscle A (MLC1SA) on 12q13 and the muscle specific isoform of ankyrin 1 (ANK1) on 8p11. However, sequencing excluded pathogenic mutations in the coding regions of these 2 genes.
Feit and colleagues (116) reported a southeastern Tennessee family in whom 12 of 37 members in four generations displayed AD weakness of the feet and ankles, or the hands, with an age of onset from 35 to 57 years. There was symmetrical or asymmetrical peroneal weakness, with inversion of the ankles and unsteady gait, and sparing the gastrocnemius muscles. There was characteristic extensor hand weakness frequently involving the abductor pollicus brevis. Two individuals had voice change as the initial manifestation, and 10 others had later vocal cord dysfunction and pharyngeal involvement. Shoulder weakness was the only involved proximal muscle and often asymmetric. Ptosis was noted in one individual. Serum CK was normal in a third of case, and elevated from 2 to 8 fold in the others. Electrodiagnostic studies of the vocal and pharyngeal muscles showed myopathic potentials. Muscle biopsy in one half of the cases disclosed chronic non-inflammatory myopathy with characteristic subsarcolemmal rimmed vacuoles. The syndrome of vocal cord and pharyngeal weakness with AD distal myopathy (VCPDM), so termed, was mapped to chromosome 5q, and in keeping with earlier precedent, designated MPD2. Autosomal dominant distal atrophy with vocal cord paralysis was previously recognized in association with spinal muscular atrophy and in neuronal forms of Charcot Marie Tooth disease. Two disorders that map in a similar location include LGMD2F, at 5q33-34, and LGMD1A within the linkage interval of VCPDM. In the originally reported North American family and in an unrelated in a Bulgarian family, Senderek et al. identified a heterozygous C-to-G transversion at nucleotide 254 in exon 2 of the matrin 3 gene that resulted in a change from serine to cysteine at codon 85 (117) . Matrin 3, an internal nuclear matrix protein, belongs to the family of nuclear matrins, a group of proteins present in the nuclear matrix of a variety of mammalian tissues and cells (Table 3) .
Two large Italian families with AD adult-onset vacuolar distal myopathy were described (118, 119) with linkage to the 19p13.3 locus. The age at diagnosis was 27 to 73 years with a variety of severity. Asymptomatic individuals had mild scapular weakness with normal CK levels; those mildly affected had in addition mild distal leg weakness. Severely affected individuals presented with marked ankle dorsiflexor, neck flexor, shoulder and finger muscle weakness and wasting, with 2 fold elevations in the serum CK. Needle EMG in the latter revealed myopathic MUP of proximal and distal leg more than arm muscles. Muscle biopsy showed myopathic changes and rimmed vacuoles clustered along myofibers surfaces, with basophilic granular material that stained positive for acid phosphatase, sarcolemmal protein, laminin alpha 2-chain, and negative for thioflavin-S, Congo red, beta amyloid, tau protein.
Ubiquitin was abnormally present at the surface of myofibers and in the lumen of vacuoles. Positivity was also noted for the 19 and 20S subunits of proteasome complex on most vacuole surfaces. These findings suggested an endolysosomal origin of the vacuoles caused by abnormality in the lysosomal degradation pathway. Linkage analysis in the family reported by Di Blasi (119) yielded positive lod scores at several markers on 19p13.3.
Autosomal dominant distal myopathy was reported in association with mutation in the caveolin-3 gene (120) . Mutations in this gene have also been identified as a cause of LGMD1C, sporadic hyperCKemia, and rippling muscle disease (121, 122).
Felice et al. (123) reported a family with AD adult onset slowly progressive distal myopathy without linkage to known loci. Weakness commenced in the distal anterior leg compartment resulting in foot drop mild proximal leg involvement. Serum CK was 2 to 6 fold normal. Muscle biopsy showed nonspecific myopathic findings including increased variation in fiber size and increased internalized nuclei.
A very late onset (around age 60) AD distal myopathy was described in a French kindred (124) . Serum CK was normal or slightly elevated and muscle biopsy revealed numerous rimmed and nonrimmed vacuoles accompanied by aggregates of desmin and dystrophin labeling in the cytosplasm of defective fibers. myopathic dystrophic features and occasional rimmed vacuoles with some Congophilic eosinophilic, desmin, beta-amyloid, and phosphorylated tau immunoreactivity. Linkage was excluded for all known distal myopathy loci.
An Australian kindred had slowly progressive symmetric, distal weakness and wasting of the anterior upper and posterior lower limbs, with sparing of tibialis anterior (126) . All patients remained ambulatory and without any cardiac or respiratory muscle involvement. Serum CK levels were either normal or mildly elevated and EMG showed myopathic changes. Imaging studies showed widespread involvement of the posterior and lateral leg compartments but proximal muscles were abnormal only in advanced disease. Muscle histopathology showed either end stage muscle or nonspecific myopathic findings without inflammation or vacuoles. All known distal myopathy phenotype genes and linkage regions were formally excluded Mitsuhashi et al. described distal myopathy in a 52-year-old man with distal predominant slowly progressive muscle weakness since age 36 (127) . On muscle CT, the soleus, TA and paraspinal muscles, where type 1 fibers predominate, were almost totally replaced by fat tissue while quadriceps femoris, gastrocnemius and upper extremity muscles were relatively spared. Quadriceps muscle biopsy revealed multi-minicores in addition to occasional larger cores, in about 70% of the type 1 fibers. A novel heterozygous nucleotide change c.5869T > A (p.S1957T) was identified in RYR1. Although pathogenicity was not confirmed, this nucleotide change was absent in 100 control DNA.
OTHER MYOPATHIES WITH DISTAL WEAKNESS
These myopathies that cause distal weakness as summarized in Table 5 .
Childhood-onset Distal Myopathy
There have been reports of infants with foot drop, finger, and hand weakness before age 2, with predominant ankle dorsiflexor, wrist and finger extensor muscle weakness, AD transmission, and very slow progression (128) (129) (130) . Muscle biopsy and needle EMG showed a myopathic process without vacuolization. All patients remained ambulatory.
In a large Dutch family with AD juvenile-onset distal myopathy, weakness was slowly progressive, affecting flexor and extensor distal muscle groups, and without any functional limitations in adult life (131) . Myopathic and neuropathic features were found on muscle biopsy and postmortem examination. Although the reports of childhood-onset distal myopathy preceded desmin immunostaining of skeletal muscle tissue, there were no clues on light microscopy to suggest excessive desmin.
Other Muscular Dystrophies
Weakness of distal muscle groups may be prominent in some forms of muscular dystrophy. In myotonic dystrophy, wrist and finger extensors and ankle dorsiflexors are typically weaker than proximal limb muscles, especially early in the disease (132) . Because the prevalence of myotonic dystrophy is 5 per 100,000, it is probably the most commonly seen myopathic condition with prominent distal weakness, especially in the young and middle-aged groups. Rare patients with the phenotypic appearance of myotonic dystrophy and distal weakness but without clinical or electrical myotonia have been described (133) .
Patients with fascioscapulohumeral (FSH) dystrophy can develop weakness of ankle dorsiflexion and wrist and finger extension along with typical facial and scapular muscle involvement. Rarely, they can present with ankle weakness which is part of the diagnostic criteria for FSH dystrophy (134) . FSH dystrophy type 1 has been mapped to chromosome 4q35 (135) and is due to D4Z4 contraction. For a discussion of FSHD1 and FSHD2, the reader is referred to the section in this issue titled "Fascioscapulomuneral Muscular Dystrophy." Patients with the so-called myopathic form of the scapuloperoneal syndrome have significant ankle weakness (136) .
Patients with the X-linked Emery-Dreifuss disease, also known as humeroperoneal muscular dystrophy, present with ankle dorsiflexion, triceps and biceps weakness, along with contractures at the elbow (FIG. 3) and ankle (137) . Marked contractures are also seen in an autosomal dominant variant of Emery-Dreifuss muscular dystrophy due to lamin A/C gene mutation. Some pedigrees of oculopharyngeal muscular dystrophy also have significant distal extremity weakness (138) (139) (140) .
Inflammatory Myopathies
Patients with polymyositis can manifest initial weakness in the hands and ankles (141, 142) with concurrent evidence of inflammatory myopathy on proximal muscle biopsy, and response to corticosteroid therapy. However, sporadic IBM is the more frequent cause of adult onset distal limb weakness (143) typically after age 50, with early weakness and atrophy of wrist and finger flexor muscles, as well as in the quadriceps, TA, and extensor digitorum hallucis muscles, the so called pseudo-Babinski sign. Both knee extensor and forearm and finger flexor weakness are part of the original diagnostic criteria for IBM (144) . Muscle biopsy shows endomysial inflammation with invasion of non-necrotic muscle fibers, eosinophilic cytoplasmic inclusions, and rimmed vacuoles within the muscle fibers that contain amyloid deposits. Electron microscopy shows accumulation of cytoplasmic and intranuclear 15-to 21-nm filaments. Table 4 lists other disorders characterized by rimmed vacuoles on biopsy. Amyloidogenic green-birefringent deposits with Congo red stain may be detected in IBM biopsies (145) . "Alzheimer-characteristic" proteins in vacuolated muscle fibers including β-amyloid and paired helical filament-tau are noted in IBM muscle tissue (144) . The lack of response to immunosuppressive treatment distinguishes IBM from polymyositis and dermatomyositis (146) . For a full discussion of IBM, the reader is referred to the section in this issue titled "Sporadic Inclusion Body Myositis."
Larue et al reported four patients aged over 50 with chronic myopathy suggestive of sporadic IBM (147) . Patients had progressive and selective weakness of the quadriceps femoris muscles and asymmetric atrophy of the forearm muscles especially the flexor compartment. Biopsy revealed granulomatous myositis, with in one case evidence for systemic sarcoidosis. Corticosteroid treatment was associated with a partial but significant improvement in two patients.
Metabolic and Congenital Myopathies
Debrancher enzyme deficiency (148) and adult-onset acid-maltase deficiency can present with a scapuloperoneal pattern of weakness (149) . Patients with the AR lysosomal storage disorder, nephropathic cystinosis, develop a distal myopathy as a late complication of the disease. Non-progressive congenital muscle diseases such as nemaline rod (150, 151) central core (152) ; and centronuclear myopathy (153) can have significant involvement of distal limb muscles.
Myasthenia Gravis
Although most patients with myasthenia gravis (MG) present with ocular, bulbar, and proximal limb muscle weakness, the weakness can at times be prominent in distal limbs (154) . Of 234 myasthenic patients, 7 (3%) had primarily distal muscle weakness mainly in finger extensor and interossei muscles; and another had involvement of ankle dorsiflexor muscles; six of whom improved with immunosuppressive therapy.
Except for hand extension weakness in Welander myopathy, the classic distal myopathies manifest as distal leg weakness beginning in early or late adult life.
Myoshi myopathy, manifesting as calf muscle weakness and atrophy after a hypertrophic phase, is allelic to LGMD2B as both diseases are caused by mutation in the gene encoding for dysferlin.
Myofibrillary myopathy patients present in the third to fifth decade with distal myopathy, frequent cardiomyopathy, and pathological evidence of myofibrillary degradation.
Mutation in genes encoding for αBC, desmin, myotilin, ZASP, filamin-C, BAG3 and SEPN1are responsible for myofibrillary myopathies.
Myotonic dystrophy is the most common adult muscular dystrophy and early in the disease, wrist and finger extensors and ankle dorsiflexors are weaker than proximal muscles. 
